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Neoadjuvant chemotherapy induces breast cancer
metastasis through a TMEM-mediated mechanism
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Breast cancer cells disseminate through TIE2/MENA?'/MENA""V-dependent cancer cell intravasation sites, called
tumor microenvironment of metastasis (TMEM), which are clinically validated as prognostic markers of metastasis
in breast cancer patients. Using fixed tissue and intravital imaging of a PyMT murine model and patient-derived
xenografts, we show that chemotherapy increases the density and activity of TMEM sites and Mena expression
and promotes distant metastasis. Moreover, in the residual breast cancers of patients treated with neoadjuvant
paclitaxel after doxorubicin plus cyclophosphamide, TMEM score and its mechanistically connected MENA™Y isoform
expression pattern were both increased, suggesting that chemotherapy, despite decreasing tumor size, increases
the risk of metastatic dissemination. Chemotherapy-induced TMEM activity and cancer cell dissemination were
reversed by either administration of the TIE2 inhibitor rebastinib or knockdown of the MENA gene. Our results indicate
that TMEM score increases and MENA isoform expression pattern changes with chemotherapy and can be used in
predicting prometastatic changes in response to chemotherapy. Furthermore, inhibitors of TMEM function may
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improve clinical benefits of chemotherapy in the neoadjuvant setting or in metastatic disease.

INTRODUCTION

Breast cancer cell intravasation and dissemination occur at micro-
anatomical structures called tumor microenvironment of metastasis
(TMEM). Each TMEM is composed of three different cell types in
direct physical contact: a tumor cell expressing the actin-regulatory
protein Mammalian-enabled (MENA), a perivascular macrophage,
and an endothelial cell (1, 2). TMEM sites have been identified in mouse
and human mammary carcinomas, and their density correlates with
metastatic outcome in breast cancer patients (3-5). High-resolution
intravital imaging (IVI) of murine primary breast tumors revealed
that TMEM sites induce local and transient dissociation of endothelial
cell junctions, through which migratory cancer cells may intravasate
and disseminate to secondary sites (1). TMEM-dependent vascular per-
meability is localized and is mediated by vascular endothelial growth
factor-A (VEGF-A) release from the TMEM-bound macrophages,
which express the angiopoietin receptor TIE2 (I).

Randomized prospective studies indicate that addition of paclitaxel
into the preoperative neoadjuvant chemotherapy (NAC) regimen in-
creases the rate of pathologic complete response (pCR) but paradox-
ically does not improve the overall survival (6, 7). It has also been shown
that taxane-based chemotherapies promote tumor regrowth by inducing
angiogenesis. In particular, they mobilize bone marrow-derived mesen-
chymal and endothelial progenitors and CD11b" myeloid cells, includ-
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ing TIE2" monocytes, into the primary tumor microenvironment (8-13).
TIE2" monocyte progenitors transform into TIE2" macrophages, which
associate with newly constructed tumor blood vessels and promote tumor
regrowth (14, 15). As stated before, TIE2™ macrophages are also critical
constituents of the functional TMEM sites, where they mediate VEGEF-
A-induced blood vessel permeability and tumor cell intravasation.

TMEM-dependent vascular permeability is necessary but not suffi-
cient for tumor cell intravasation, because intravasation also requires
the presence of discohesive, migratory cancer cells (1, 16-18). These
migratory cells express relatively large amounts of invasive, chemotactic
prometastatic MENA isoforms (19), such as the MENA™Y jsoform,
and relatively smaller amounts of the antimetastatic MENA isoform,
MENAL11a (18-26). MENA™Y expression is switched on in invasive
tumor cells by NOTCH-mediated macrophage contact and signaling
(27). Because paclitaxel induces an influx of macrophages into the
primary tumor, and these are required for TMEM assembly and
function (I, 2, 20, 21, 28, 29), we hypothesized that preoperative chemo-
therapy may increase the density and the activity of TMEM sites, as well
as expression of invasion-promoting MENA isoforms within the
primary tumor, and consequently induce cancer cell dissemination
and distant metastasis while at the same time reducing cancer burden.
Such a side effect would diminish the clinical benefit of NAC and would
need to be blocked by inhibitors of TMEM function. Here, we tested this
hypothesis by using fixed tissue and IVI of mouse mammary tumor
virus—polyoma middle T antigen (MMTV-PyMT) murine models
and patient-derived xenografts (PDXs), as well as pre- and post-NAC
(paclitaxel followed by doxorubicin plus cyclophosphamide) breast
cancer tissue samples from human patients.

RESULTS

Paclitaxel delays tumor growth but increases TMEM
assembly in breast cancer

Because chemotherapy induces recruitment of endothelial progenitors
and TIE2" monocyte progenitors into the tumor (10, 11, 30), and we
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have previously demonstrated that TIE2™ macrophages are required
for TMEM-mediated cancer cell intravasation (I), we examined the
possibility that neoadjuvant paclitaxel promotes TMEM assembly
and cancer cell dissemination and metastasis. We addressed this hy-
pothesis in the following breast carcinoma models: (i) transgenic
MMTV-PyMT mice bearing spontaneous breast tumors, (ii) friend
virus B (FVB) mice transplanted orthotopically with tumors from
MMTV-PyMT donors, and (iii) two PDX models, the HT17 and
HT33, developed previously in our laboratory (31). Animals were
treated with paclitaxel (10 mg/kg) every 5 days, three times in total
(Fig. 1A). The number of animals per group is shown in Fig. 1B. After
sacrificing the animals, we evaluated tumor growth, TIE2™ macrophage
recruitment, and TMEM assembly. Treatment of all groups began at
the early carcinoma stage (tumor size of ~0.3 cm diameter), when there
was minimal or absent necrosis (fig. S1). We chose to work with early-
stage PyMT mouse mammary carcinoma model, because it more accu-
rately reflects clinically relevant scenarios, where most women present
with small-sized tumors of <2 cm (32). At the end of treatment, all
tumors were histologically classified as invasive carcinomas (fig. S1).
Although paclitaxel-treated tumors showed delayed tumor growth
(Fig. 1C), they revealed a two- to threefold higher TMEM score (P <
0.001) compared to nontreated controls in all the experimental models
(Fig. 1, D and E).

Paclitaxel increases the infiltration of perivascular
TIE2"/VEGF" macrophages in the primary breast

cancer microenvironment

To explain the mechanism of increased TMEM assembly upon admin-
istering chemotherapy in breast tumors, we investigated whether
paclitaxel affects intratumoral macrophage density, as previously sug-
gested (33). We found a significant increase (P < 0.01) in the percentage
of macrophage-specific IBA1" area in paclitaxel-treated mice in all
transplantation models, but not in the PyMT spontaneous model
(fig. S2A). Consistently, the absolute number of IBA1™ cells was sig-
nificantly increased (P < 0.001) in the paclitaxel-treated HT'17 xeno-
graft but not in the PyMT spontaneous model, when quantified either
over the entire tissue (fig. S2B) or only in the perivascular niche (Fig.
1F), where TMEM structures are located.

The functional TMEM sites contain TIE2"/VEGF™ macrophages
and invasive tumor cells in perivascular regions (1), and chemotherapy
may promote mobilization of such TIE2™ monocyte progenitors in
primary tumors (8, 10). Thus, we focused on and quantified the
TIE2"/VEGE" macrophage subpopulation using multichannel immu-
nofluorescence (IF) imaging (Fig. 1, G to I, and fig. S2C) (10, 14, 34).
Paclitaxel-treated mice had significantly higher (P < 0.001) density of
TIE2"/VEGE" macrophages compared to the vehicle-treated controls,
regardless of whether these were assessed in the entire tissue (fig. S2D)
or only in the perivascular niches (Fig. 1G). The proportion of TIE2"/
VEGF™ macrophages among all IBA1" cells was also increased by
paclitaxel treatment (fig. S2, E and F). The significant increase of the
perivascular TIE2"/VEGF™ macrophage subpopulation (P < 0.0001)
was also demonstrated in the PyMT spontaneous model (Fig. 1G and
fig. S2F). Figure 1H illustrates a representative IF image of a TIE2"
VEGF™ macrophage quantified using CD31, IBA1, VEGF, and TIE2
staining, Figure 11 provides a representative example of VEGF" and
VEGF* macrophages as seen comparatively in the same field of view,
by combining CD31, IBA1, and VEGF staining.

In the PyMT spontaneous model, the total IBA1" macrophage
counts did not correlate with TMEM score (Fig. 1], left panel), but

Karagiannis et al., Sci. Transl. Med. 9, eaan0026 (2017) 5 July 2017

we did find a correlation (P < 0.001) of TMEM with perivascular
TIE2"/VEGF" macrophages (R* = 0.5) (Fig. 1], right panel). In the
HT17 xenograft, both total IBA1™ macrophages (Fig. 1K, left panel)
and perivascular TIE2"/VEGE™ macrophages (Fig. 1K, right panel)
correlated (R? = 0.65 and R* = 0.55, respectively) with TMEM score
(P <0.001 in both cases). Both TMEM scores and perivascular TIE2MY
VEGF™ macrophages remained increased upon chemotherapy treat-
ment, even after their values were normalized to microvascular den-
sity (fig. S3, A to C). In aggregate, neoadjuvant paclitaxel specifically
promotes the assembly of TMEM sites containing TIE2"/VEGF™
macrophages that are required for TMEM activity in primary breast
cancer.

Paclitaxel induces TMEM-dependent vascular permeability
in breast tumors

Because chemotherapy treatment may affect blood vessel dynamics by
inducing angiogenesis (9, 11-13, 35-37), we used IVI (Fig. 2, A and B,
and fig. S4A) to investigate whether neoadjuvant paclitaxel induces
TMEM-dependent (localized) or TMEM-independent (more universal)
blood vessel leakage. Tumors in mice treated with paclitaxel did not
demonstrate generalized blood vessel leakage of tetramethylrhodamine
(TMR)-conjugated 155-kDa dextran in the extravascular portion of
tumors. Instead, they showed localized areas of transient vascular
permeability called “bursting” (Fig. 2C and videos S1 and S2), similar
to those observed previously in untreated tumors (1). In particular,
Fig. 2C illustrates a characteristic example of peak bursting activity
(still image on the left of Fig. 2C; time lapse in video S1) on a TMEM
site, though not all TMEM sites presented with bursting activity (still
image on the right of Fig. 2C; time lapse in video S3). All the bursting
incidents occurred only at TMEM sites, in close proximity to at least
one Dendra2™ tumor cell and one CFP* macrophage (Fig. 2C, left
image). As also reported previously (1), we never observed any bursting
incidents without juxtaposition to a clearly defined TMEM site. Bursting
was documented by the accumulation of dextran-TMR signal over time
around an active TMEM site, and no such accumulation was observed
away from TMEM (Fig. 2D). The intensity values from all TMEM-
mediated bursting incidents observed in paclitaxel-treated mice were
averaged and plotted over the entire time of bursting activity (fig. S4B),
which confirmed the transient nature of paclitaxel-induced, TMEM-
dependent vascular permeability.

To explicitly demonstrate that tumor cell intravasation after pa-
clitaxel treatment is dependent on TMEM-dependent bursting, we
measured the tumor cell-specific Dendra2 signal intensity in blood
vessel ROIs that were directly juxtaposed to or away from bursting
sites (Fig. 2D). The entire time-lapse imaging session of this field
can be seen in video S2. Signal intensity of dextran-TMR was also
quantified in the corresponding extravascular ROIs to confirm the
presence of bursting. We found that cancer cell intravasation in
paclitaxel-treated animals occurs during or shortly after the bursting
event, specifically at TMEM sites associated with bursting, but never
before the bursting event or at TMEM sites without bursting activity
(Fig. 2D).

In an independent validation experiment, a group of vehicle- or
paclitaxel-treated mice received an intravenous injection of dextran-
TMR for 1 hour and was then sacrificed and evaluated for vascular
permeability in fixed tumor sections. Multichannel IF staining included
endomucin as a blood vessel exclusion mask and an anti-TMR antibody
for assessing dextran leakage (fig. S5). A corresponding TMEM IHC
staining section was co-aligned to evaluate the presence/absence of
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Fig. 1. Paclitaxel delays tumor growth and promotes infiltration of TIE2"/VEGF" macrophages and TMEM assembly. (A) Experimental design and chemotherapy
scheme. i.v., intravenously. (B) Mouse models of breast carcinoma, estrogen receptor (ER) status in each model, and cohort sizes. (C) Tumor volume quantification on day 15
of the chemotherapy scheme shown in (A). Mann-Whitney U test. (D) TMEM score, assessed in 10 high-power fields (HPFs) by two pathologists, in mice treated as shown in
(A). Mann-Whitney U test. (E) TMEM identification by triple-stain immunohistochemistry (IHC) and representative images for each mouse model. Scale bar, 50 um.
(F) Perivascular IBA1* macrophages (M®) in 10 HPFs (absolute counts) in PyMT spontaneous and HT17 xenograft tumors, treated with paclitaxel or vehicle control. Mann-Whitney
U test. (G) Perivascular TIE2"/VEGF" macrophages in 10 HPFs (absolute counts) quantified in PyMT spontaneous and HT17 xenograft tumors, treated with paclitaxel or vehicle
control. Mann-Whitney U test. (H) Multichannel IF of IBA1, CD31, TIE2, VEGF, and 4',6-diamidino-2-phenylindole (DAPI) in two sequential sections of an MMTV-PyMT breast tumor
not treated with paclitaxel. Representative VEGF"/TIE2" macrophage (also coexpressing IBA1) is encircled with yellow dotted line. Scale bar, 10 um. (I) Multichannel IF of IBA1,
CD31, VEGF, and DAPIin an HT17 xenograft tumor, treated with paclitaxel, demonstrating one VEGF" and one VEGF"® macrophage in a field. Scale bar, 15 um. (J and K) Correlations
of macrophage infiltration (IBA1* macrophages or VEGF"/TIE2" macrophages) with TMEM score in the PyMT spontaneous (J) and HT17 xenograft (K) models. B> = Pearson’s
coefficient of determination; filled circles, control; open circles, paclitaxel.
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Fig. 2. Paclitaxel induces vascular permeability exclusively at TMEM sites. (A) Experimental design and chemotherapy scheme. (B) Mouse models of breast car-
cinoma and cohort sizes. (C) Two examples of images taken from IVl of ¢fms-CFP mice grafted with MMTV-PyMT/Dendra2™ tumors. Left image: Bursting at TMEM (TMEM
activity) identified by the presence of TMR-conjugated 155-kDa dextran in the extravascular space. Outline of the burst indicated by dotted yellow line. Right image:
Absence of bursting at TMEM, as a control. Mo, macrophage; TC, tumor cell; EC, endothelial cell. Scale bar, 25 um. (D) Left image: Region of interest (ROI) selection for
calculation of Dendra2/TMR signal intensity over time. Right graph: The quantification of extravascular dextran (red lines) and Dendra2-labeled intravasating cancer cell
(green lines) signal intensity in the selected TMEM-associated (solid lines) or non-TMEM (dotted lines) ROIs from the image shown on the left side. (E) Multichannel IF of
endomucin (first column), dextran-TMR (second column), their merged image along with DAPI (third column), the corresponding thresholded blood vessel and ex-
travascular dextran masks (fourth column), and the corresponding sequential section of TMEM IHC (fifth column) in MMTV-PyMT mice treated with paclitaxel. Top row:
TMEM-associated vascular profile. Bottom row: Vascular profile away from TMEM. Scale bar, 20 um. (F) Percentage of vascular profiles with extravascular dextran that

have at least one TMEM site or no TMEM sites associated with them for vehicle-treated (top graph) or paclitaxel-treated (bottom graph) cases.

TMEM in each vascular profile that presented with vascular leakage.
Two examples of vascular profiles selected from a paclitaxel-treated
mouse are demonstrated in Fig. 2E; the upper row shows a vascular
profile with abundant extravascular dextran, which colocalized with
two TMEM sites, whereas the lower row shows a vascular profile
with absent or minimal extravascular dextran, which colocalized
with a blood vessel lacking TMEM (Fig. 2E). For quantification
purposes, ~20 to 30 vascular profiles were selected for each mouse,
based on tissue size, degree of vascularization, and quality of endomucin
staining. In both vehicle-treated and paclitaxel-treated groups, about
96 to 98% of the vascular profiles with extravascular dextran colocal-
ized with at least one TMEM (Fig. 2F).
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Paclitaxel increases metastatic dissemination of

breast tumors

To assess whether paclitaxel treatment promotes tumor cell dissemina-
tion and metastatic incidence, we first used IVI to quantify and compare
incidence and frequency of bursting in mice treated with vehicle or
paclitaxel (Fig. 3, A to C, and videos S1 and S3). The incidence (at least
one bursting event in a ~4.5-hour imaging session) and frequency of
bursting were increased in mice treated with paclitaxel, when compared
to those treated with vehicle control (Fig. 3, B and C). The same con-
clusions were reached when frequency of bursting was normalized to
the number of TMEM sites, as measured in each field (fig. S6, A and
B). Unlike in late-stage tumors, in which TMEM shows spontaneous
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Fig. 3. Paclitaxel pro-
motes TMEM-dependent
vascular permeability,
cancer cell dissemina-
tion, and metastasis in
breast cancer. (A) Time-
lapse images from videos
S1 (top row) and S3 (bottom
row). Time shown in mi-
nutes (t = 0 to 20 min). Top
row: Arrowhead follows
site of bursting from an
active TMEM in a paclitaxel-
treated mouse. Bottom row:
Arrowhead marks the lack
of bursting from an inactive
TMEM in a paclitaxel-treated
mouse. Scale bar, 50 um.
(B) Incidence of bursting (at
least one complete event dur-
ing ~4.5 hours of imaging
per mouse) in paclitaxel-
and vehicle-treated MMTV-
PyMT/Dendra2 cfms-CFP
mice. (C) Frequency of burst-
ing in paclitaxel and con-
trol MMTV-PyMT/Dendra2
dms-CFP mice. Mann-Whitney
U test. (D) Representative
blood vessel (endomucin)
and extravascular dextran
masks, as obtained by IF
in mice treated with either
vehicle or paclitaxel, show-
ing TMEM-associated vas-
cular permeability (yellow
area). Scale bar, 100 um.
(E) Quantification of extra-
vascular dextran area nor-
malized to blood vessel
area in mice treated with
either vehicle or paclitaxel
shown in (D). Mann-Whitney
Utest. (F) CTCs per milliliter
of blood collected before
sacrifice (day 15). Values
normalized to the control
group in each case to ac-
count for intercohort varia-
bility. Mann-Whitney U test.
(G) Correlation between
CTCs and TMEM. R = Pearson’s
coefficient of determination;
filled circles, control; open
circles, paclitaxel. (H) Detec-
tion of micrometastatic foci
in the lungs of paclitaxel-
treated mice. Two cases of
histologically detectable
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metastases in lungs of PyMT transplants and HT17 xenografts, respectively, are shown. Scale bar, 100 um. (I) Incidence of lung metastasis in mice treated with paclitaxel
or vehicle control, %2 test. (J) Quantification of histologically detectable lung metastases in mice treated with paclitaxel or vehicle control. Mann-Whitney U test. (K) Stereo-
microscopy in extracted mouse lung. Blood vessels visualized via tail vein injection of rhodamine-labeled lectin 1 hour before sacrifice, and cancer cells identified through
Dendra2 expression (arrow). Mann-Whitney U test. Scale bar, 20 um. (L) Quantification of single cancer cell dissemination in lungs of PyMT transplants using fluorescence
stereomicroscopy. Mann-Whitney U test.
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activity as we have already reported (1), TMEM-associated bursting is a
very rare phenomenon in early carcinoma (Fig. 3C). In addition to IV,
we quantified and compared extravascular dextran area as a percentage
normalized to the blood vessel area in fixed tumors of mice treated with
either vehicle or paclitaxel, using multichannel IF (Fig. 3, D and E, and
fig. S5). Extravascular dextran was about threefold (P < 0.05) more
abundant in paclitaxel-treated compared to vehicle-treated mice (Fig.
3, D and E).

Having shown that TMEM function is associated with tumor cell
intravasation in chemotherapy-treated tumors (Fig. 2D), we then asked
whether paclitaxel treatment induces increased metastatic dissemi-
nation of breast cancer cells. We found about a twofold increase in
circulating tumor cells (CTCs) (P < 0.05) after paclitaxel treatment in
all experimental models examined (Fig. 3F). TMEM score and CTCs
correlated positively in the PyMT spontaneous (R* = 0.57, P < 0.001),
PyMT transplantation (R* = 0.63, P < 0.001), as well as the HT17 (R* =
0.28, P < 0.05) and the HT33 (R?* = 0.28, P < 0.05) PDX models, though
correlations were weaker in the HT17 and HT33 xenografts (Fig. 3G).
Because severe combined immunodeficient (SCID) mice used in the
PDX models are engineered to lose adaptive immunity but retain innate
immunity, it is possible that the weaker correlations were due to a dif-
ferential degree of immune-mediated rejection of CTCs.

To further determine the effect of paclitaxel on cancer cell dissemi-
nation to distant sites, we harvested lungs and evaluated metastatic
foci histologically (Fig. 3H and fig. S5). We found an increase in both
the metastatic incidence (at least one micrometastatic focus of more
than five tumor cells) (Fig. 31) and the number of cancer cell micro-
metastases in the lungs of paclitaxel-treated mice (Fig. 3]). In addi-
tion, we quantified single-cell dissemination of breast cancer cells in
the lungs of FVB recipient mice after syngeneic transplantation of
MMTV-PyMT/Dendra2" tumors using ex vivo microscopy (Fig. 3K
and fig. S5) and found about a twofold increase (P < 0.01) of single
Dendra2" breast cancer cells in the lungs of paclitaxel-treated mice (Fig.
3L). Overall, these data indicate that, in early-stage breast cancers,
chemotherapy increases vascular permeability at TMEM sites, which
is accompanied by increased cancer cell dissemination.

Paclitaxel promotes the expression of invasive isoforms of
Mena in breast tumors

Because our data showed that paclitaxel treatment increases TMEM
assembly, as well as TMEM-dependent vascular permeability and meta-
static dissemination, we hypothesized that it also increases the propor-
tion of highly migratory cancer cells, which express invasive isoforms of
the actin-regulatory protein MENA (21, 23) and are capable of assembling
and using TMEM sites to intravasate, a major prerequisite for successful
metastatic seeding. To test this hypothesis, we first performed quan-
titative reverse transcription polymerase chain reaction (QRT-PCR)
analysis for total MENA (PanMena), Menalla, and Mena™V on formalin-
fixed paraffin-embedded (FFPE) tumors from the PyMT spontaneous
and HT17 xenograft models (fig. S7A). Paclitaxel treatment significantly
increased (P < 0.01) the expression of PanMena, Mena™", and Mena“™,
a marker that takes into account the full repertoire of invasive Mena iso-
forms including MENA™Y (38, 39), but not that of the antimetastatic
Menalla (Fig. 4, A to D), and correlates with distant recurrence in breast
cancer patients (38, 39). In addition, both M ena® and Mena™V corre-
lated positively with increased TMEM score (Mena™", P < 0.001;
Mena®™, P<0.01) in both models tested (Fig. 4, E and F), with Mena™"
demonstrating higher correlation coefficients than MENA“", Palitaxel-
mediated Mena™ " -increased expression (P < 0.0001) and correlation
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with TMEM score (P < 0.001) were also confirmed at the protein level
in both the PyMT spontaneous and the HT17 xenograft models (Fig. 4,
Gto1, and fig. S7, B and C). As shown in the specific MENA™ TF, the
pattern of MENA™ expression in PyMT mice was heterogeneous (Fig.
4G and fig. S7C), consistent with previous observations (40). We
found a positive correlation between TIE2"/VEGE™ macrophage in-
filtration and Mena™" expression (P < 0.001, R* = 0.68) (fig. S8A), as
well as Mena®” (P < 0.05, R? = 0.24) (fig. S8B), supporting the ev-
idence that direct contact of tumor cells with macrophages induces
Mena™ expression (27). In addition, there was an inverse correla-
tion for the antimetastatic Menalla (P < 0.01, R* = 0.3) (fig. S8C).

Paclitaxel promotes breast cancer cell dissemination in a
MENA-dependent manner

Animals grafted with MMTV-PyMT MENA-null tumors do not develop
CTCs and lung metastases (28), indicating that MENA is necessary for
tumor cell dissemination. Having shown that paclitaxel increases TMEM
assembly (Fig. 1D) and invasive MENA isoform expression (Fig. 4, C, D,
G, and H), we next investigated whether paclitaxel-mediated tumor cell
dissemination in invasive breast cancer was also MENA-dependent.
To test this hypothesis, we orthotopically transplanted MENA™" or
MENA*"* CFP-fluorescent PyMT tumors into wild-type syngeneic hosts
to assess tumor cell intravasation and dissemination in the lungs of mice
after paclitaxel treatment (Fig. 5, A and B). MENA ™~ mice did not ex-
press MENA™Y protein (fig. S7B). Quantitative assessment of macro-
phages in the perivascular niches of MENA™~ mice revealed both
increased IBA1" and TIE2"/VEGF™ IBA1* macrophage infiltration after
paclitaxel treatment (Fig. 5, C to F, and fig. S9, A to C), similar to changes
observed in PyMT and HT17 MENA*"* mice after receiving chemotherapy
(Fig. 1, F and G). These results indicate that MENA does not interfere with
paclitaxel-mediated TIE2"/VEGF" macrophage recruitment in the pri-
mary breast tumor microenvironment.

Because a MENA-expressing tumor cell constitutes one of the
elements of the tripartite TMEM structure, MENA ™~ tumors do not
assemble TMEM. However, because the perivascular TIE2"/VEGF™
macrophages could be recruited by paclitaxel treatment even in the
MENA™"" tumors (Fig. 5, E and F), we next investigated whether these
TIE2"/VEGF™ macrophages were by themselves sufficient to increase
cancer cell dissemination, without the presence of a complete TMEM
structure. The absence of the Mena gene completely eliminated CTCs
(P <0.0001) and the number of single cancer cells disseminating in the
lungs (P < 0.0001) (Fig. 5, G and H), consistent with previous findings
(28). This suppression was consistent regardless of vehicle or paclitaxel
treatment (Fig. 5, G and H), indicating that the elimination of the
Mena gene in breast cancers affects cancer cell intravasation and dis-
semination, although it still permits the paclitaxel-mediated increase of
perivascular TIE2"/VEGF™ macrophages. Thus, paclitaxel treatment in
MENA ™"~ PyMT-CFP transplants failed to boost the number of CTCs
in the blood or disseminated cells in the lungs, as seen in the case of
MENA*"* mice (Fig. 5, G and H). In summary, these data show that
paclitaxel-induced tumor cell dissemination is also dependent on
MENA expression, further supporting the essential role of TMEM in
paclitaxel-stimulated tumor cell dissemination.

Doxorubicin/cyclophosphamide treatment elicits
prometastatic changes similar to paclitaxel in the breast
cancer microenvironment

Having shown that paclitaxel induces TMEM- and MENA-mediated
prometastatic changes in the primary breast tumor microenvironment
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Fig. 4. Paclitaxel promotes the expression of invasive isoforms of MENA in the primary breast cancer microenvironment. (A to D) Gene expression of MENA or
MENA isoforms (real-time RT-PCR) after RNA extraction from FFPE tumors. Gene expression of Pan-Mena (A), Menalla (B), Mena“" (C), and Mena™" (D) indicated.
Mann-Whitney U test. NS, not significant. (E and F) Correlations of Mena®® with TMEM and Mena™” gene expression with TMEM in the PyMT spontaneous (E) and
HT17 xenograft (F) tumors. R? = Pearson’s coefficient of determination; filled circles, control; open circles, paclitaxel. (G) MENA™Y protein expression visualized by
MENA™ IF and DAPI in PyMT spontaneous and HT17 xenograft tumors, treated with paclitaxel or vehicle control. Scale bar, 100 um. (H) Quantification of the MENA™-positive
area (%) in tumors shown in (G). Mann-Whitney U test. (I) Correlation of MENA'NV—positive area (%) with TMEM score in the PyMT spontaneous (top plot) and HT17 xenograft
(bottom plot) models. R? = Pearson’s coefficient of determination; filled circles, control; open circles, paclitaxel.

in a wide variety of mouse models, we then examined whether similar
effects could be elicited by other chemotherapeutics. We selected the
doxorubicin/cyclophosphamide combinatorial chemotherapy because it
is a main component of NAC in human breast cancer patients (41, 42).
Transgenic MMTV-PyMT mice bearing spontaneous breast tumors

Karagiannis et al., Sci. Transl. Med. 9, eaan0026 (2017)

5 July 2017

received a total of three doses of doxorubicin (5 mg/kg, intravenously)
every 5 days and one single dose of cyclophosphamide (120 mg/kg,
intraperitoneally) (Fig. 6, A and B). Upon histological examination
of the resulting tumors, necrosis and cell death were more evident in the
doxorubicin/cyclophosphamide-treated tumors than in vehicle-treated
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mice (Fig. 6C). TMEM score was significantly (P < 0.05) increased after
doxorubicin/cyclophosphamide treatment (Fig. 6, C and D) and was
accompanied by a significant ~1.3-fold (P = 0.027) increase in the num-
ber of CTCs (Fig. 6E), as well as increased numbers of perivascular
TIE2"/VEGE™ macrophages compared to vehicle-treated controls
(Fig. 6F). Therefore, the combination of doxorubicin and cyclophos-
phamide affects TMEM density, TMEM activity, and CTCs in a similar
fashion to paclitaxel, further indicating that similar prometastatic effects
may be elicited by a variety of NAC regimes.

NAC with paclitaxel induces prometastatic changes in the

tumor microenvironment of human breast cancer patients

On the basis of findings shown collectively in Figs. 1 to 6, we then
expanded our investigations to human breast cancer patients receiving
NAGC, containing paclitaxel, doxorubicin, and cyclophosphamide. The
change in TMEM density in post-NAC specimens was evaluated in
20 patients with ER"/HER2™ disease, who were treated with weekly
paclitaxel for up to 12 weeks followed by four cycles of doxorubicin
plus cyclophosphamide and had residual disease after NAC [residual
cancer burden (RCB) score 2 to 3]. None of the patients received pre-
operative tamoxifen. When TMEM scores were graphed for each pa-
tient individually (Fig. 7A), the following observations were made: (i)
Most patients had an increase in TMEM scores after NAC, with a few

Karagiannis et al., Sci. Transl. Med. 9, eaan0026 (2017) 5 July 2017

increasing more than fivefold (patients #3, #11, #15, #19, and #20);
(ii) TMEM scores of 50% of patients moved from low/intermediate-
into high-risk group (score > 23; red line on the graph) after NAC
[TMEM score of 23 was established as the cutoff that separates patients
into low/intermediate- and high-risk groups for developing distant
metastasis (5)]; (iii) TMEM score remained unaltered or even worsened
by the end of the treatment in 15% of patients who had high TMEM
scores before the NAC (patients #4, #9, and #17); and (iv) there was
not a single patient that demonstrated a decrease in TMEM score
after NAC. Representative images of TMEM before and after NAC
are shown for patients #3 and #7 (Fig. 7B). When analyzed as a cohort,
the mean TMEM score was significantly increased (Wilcoxon test; P <
0.0001) in post-NAC samples compared to pre-NAC core biopsies (Fig.
7C). These data suggest that NAC may have unwanted long-term
consequences in some breast cancer patients.

To further substantiate the translational importance of our pre-
clinical data from PyMT and PDX mice receiving neoadjuvant paclitaxel,
we compared MENA™" expression in pre- and post-NAC samples. We
observed a significant increase (P < 0.01) in MENAINV—positive area be-
tween pre-NAC biopsies and post-NAC tumors (Fig. 7, D and E). In
addition, we analyzed MENA™" expression by gRT-PCR in fine needle
aspiration (FNA) biopsies taken before and 1 week after the second dose
of weekly paclitaxel in an independent small cohort of patients (1 = 5).
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Fig. 6. Nontaxane chemotherapies induce TMEM-dependent prometastatic
changes in the breast cancer microenvironment. (A) Experimental design
and chemotherapy scheme. (B) Mouse models of breast carcinoma and cohort
sizes. (C) Representative histological [hematoxylin and eosin (H&E); left column]
and TMEM HC sections (right column) from MMTV-PyMT mice receiving doxorubicin/
cyclophosphamide treatment or vehicle control, as shown in (A). Scale bar, 50 um.
(D) TMEM score in MMTV-PyMT mice treated with either vehicle control or doxorubicin/
cyclophosphamide. Mann-Whitney U test. (E) CTCs per milliliter of blood collected
before sacrifice (day 15). Values normalized to the control group in each case, to
account for intercohort variability. Mann-Whitney U test. (F) Proportion of peri-
vascular TIE2"/VEGF™ macrophages among all IBA1* macrophages, quantified in
MMTV-PyMT mice treated with either doxorubicin/cyclophosphamide or vehicle con-
trol. Mann-Whitney U test.

Even at such an early phase of paclitaxel treatment, we were able to ob-
serve an increase of MENA™" gene expression in four of five breast
cancer patients (patients #1 and #3 to #5) (Fig. 7F), suggesting that
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the TMEM- and MENA-dependent prometastatic changes may have
already been initiated in these patients.

Inhibition of the TIE2 receptor reverses the
paclitaxel-mediated prometastatic changes

We postulated that selective TIE2 inhibitors could not only be success-
fully used to counteract the angiogenic potential of NAC-induced
endothelial progenitor cell infiltration (9, 12, 13, 35, 36) but also TMEM-
and MENA-dependent prometastatic changes, given that TIE2 inhibi-
tors could target TMEM-associated TIE2"/VEGF™ macrophages.

To address this question, we first investigated the effects of rebastinib,
a TIE2 inhibitor, on TMEM assembly, vascular permeability, and CTCs
in the PyMT transplantation and HT17 PDX mammary tumor models
used in our studies. Animals received NAC with or without rebastinib
(Fig. 8, A and B). Treatment with rebastinib alone did not significantly
affect the overall TMEM score (Fig. 8, C and D) or the density of peri-
vascular TIE2"/VEGF™ macrophages (Fig. 8, E and F). However, it sig-
nificantly (P < 0.01) reduced the number of CTCs in both animal models
(Fig. 8, G and H), thus impairing hematogenous dissemination, without
affecting the assembly of TMEM intravasation sites, indicating inhibition
of TMEM activity.

Treatment with paclitaxel alone increased perivascular TIE2
VEGF" macrophages, TMEM assembly, and activity (Fig, 8, C to H), in
consistency with Figs. 1 and 3. However, administration of rebastinib
in paclitaxel-treated animals decreased the number of perivascular
TIE2"/VEGF™ macrophages (Fig. 8E) and decreased CTCs to the level
observed in the control animals (Fig. 8, G and H) without affecting
TMEM assembly (Fig. 8, C and D). These data indicate that TIE2
inhibition successfully blocks the function but not the assembly of
TMEM sites, which is sufficient to suppress cancer cell dissemination.

We next investigated whether rebastinib-mediated suppression
of tumor cell dissemination observed in the paclitaxel-treated mice
was due to inhibition of TMEM-associated macrophage function. To
address this issue, we used IVI (Fig. 8, A and B) and again found that
baseline incidence and frequency of bursting, a TMEM-associated
activity, matched to the previously acquired data in the “paclitaxel-only”
group (compare Fig. 8, I and J, with Fig. 3, B and C). However, the
coadministration of rebastinib in paclitaxel-treated mice completely
abolished the incidence and frequency of bursting (Fig. 8, I and J), fur-
ther suggesting that TIE2 inhibition blocks chemotherapy-driven,
TMEM-mediated vascular permeability and cancer cell dissemination.

hi/

DISCUSSION

Accumulating evidence indicates that chemotherapy evokes a host re-
pair response, during which bone marrow-derived cells (BMDCs)
infiltrate the primary tumor microenvironment and facilitate neoan-
giogenesis and tumor regrowth (10, 11). Here, we have shown that
through such BMDC recruitment, NAC may increase cancer cell dis-
semination and induce a more aggressive tumor phenotype with
increased metastasis. The mechanism involves both the assembly of
TMEM sites and the increased MENA™ expression in residual cancer
after NAC. These results are consistent with our previous findings that
MENA expression is required for TMEM assembly and for cancer
cell dissemination through a TMEM MENA™Y and TIE2"/VEGF™
macrophage-dependent mechanism (I, 20, 21, 29). Although the effects
of taxanes and other chemotherapeutics on neovascularization have
been adequately described (8, 10, 12, 13, 35, 43), our study provides in-
sight into the mechanisms by which paclitaxel and other chemotherapies

9 of 15

/T0Z ‘TZ lagwanoN uo 1sanb Aq /610’ Bewaoualos wis//:dny woly papeojumod


http://stm.sciencemag.org/

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

A 180
160 Pre-NAC
Post-NAC

TMEM score

9 10 11 12 13 14 15 16 17 18 19 20

PatientID
Patient #3 Patient #7
B . N B C m- P <0.0001
o 160 °
; 5 >
4 ; ¥ L
: O 1 o
: BN FA \ = .
\ (3 g ). “; ,‘»:' -l/, »l-:‘.‘/."‘(: [ 40 e o)
Q N (G B N B ond RN Q
% @ P S .\_l@ & R e 000
s QU R '\ ’@ Y Lo 0-
» % A @ @ £e A Ly | P P
<3 L OB A | S re  Post
o, AR HIAE. ,®@ ) '.,'-‘ ) ] NAC NAC
LT el AR D e A R
Pre-NAC
X 03 0007500
= 704
© c
o o4 FP=0004 O 0005000
© ®
o 504 ° 4
> =
:"E 404 oo &00025005
3 304 . ; 0.000020
o 2
204 o 0000016
2 10 5 E 0.000012
% 0 O = 0.000008
& o-
= Pre  Post focoses
NAC NAC 0000000 e . 5
Patient ID

Fig. 7. NAC in breast cancer patients promotes TMEM assembly and
increased MENA™Y expression. (A) Individual TMEM scores of 20 patients before
and after receiving NAC, which included weekly paclitaxel (80 mg/m? x 12 con-
secutive weeks) followed sequentially by dose-dense AC chemotherapy [doxoru-
bicin (60 mg/m?) and cyclophosphamide (600 mg/m?) every 2 weeks x four
cycles, plus pedfilgrastim (6 mg, subcutaneously) on day 2 of each cycle]. The
patients did not receive tamoxifen. Red line: TMEM high-risk cutoff point
according to (5). (B) Representative images of TMEM triple-stain IHC in patients
#3 and #7 in the pre-NAC core biopsies (upper panels) and post-NAC resected tumors
(lower panels). Scale bar, 50 um. (C) Mean TMEM scores in the 20 human breast
cancers shown in (A), before and after receiving NAC, Wilcoxon test. (D) Representa-
tive images of MENA™ protein expression, as visualized by MENA™ IF and DAPI in
a patient receiving NAC. Scale bar, 100 um. (E) Quantification of the MENAN-positive
area in pre- and post-NAC patient samples. Assay performed in only seven of the
patients shown in (A) because of limited availability of pre-NAC biopsy material for
the remaining 13 patients. Mann-Whitney U test. (F) MENA™ gene expression, as
assessed by real-time RT-PCR, in FNA biopsies taken from five breast cancer patients
before and after 2 weeks of receiving NAC with paclitaxel.

modulate the cancer microenvironment to promote breast cancer cell
intravasation and dissemination to distant sites, as well as a TIE2-
directed therapeutic approach to counteract paclitaxel-mediated induc-
tion of cancer cell dissemination (Fig. 8K). Thus, this work is primarily
focused on the chemotherapy effect on cancer cell dissemination via
TMEM/MENA-mediated mechanism.

Karagiannis et al., Sci. Transl. Med. 9, eaan0026 (2017) 5 July 2017

We demonstrated that chemotherapy increases macrophage density
in a PDX model but not in spontaneous PyMT. Our findings in the
PyMT model are in discrepancy with the Coussens group (44). This
may be because we worked with 8- to 9-week-old mice bearing early-
stage spontaneous carcinomas, whereas the Coussens group worked
with 12-week-old mice, which typically have advanced-stage tumors.
However, our findings demonstrated that chemotherapy promotes
an increase in perivascular TIE2"/VEGF™ macrophages (Fig. 8K),
which is consistent with studies showing that this population associates
with sites of (patho)physiological angiogenesis, especially as a host
repair mechanism after cytotoxic damage through chemotherapy
(14, 15, 45-47). Although it is not clear whether TIE2"/VEGE™
macrophages belong to the “classically activated” (M1) or “alternatively
activated” (M2) group, they are crucial for modulating the tumor
microenvironment in response to cytotoxic therapies (10, 48). Our
observation that other chemotherapeutics, such as doxorubicin/
cyclophosphamide, are capable of perivascular TIE2"/VEGF" macro-
phage recruitment, TMEM assembly, and TMEM-dependent tumor
cell intravasation further supports the idea that the mechanism by
which chemotherapy induces these prometastatic effects is a generic
host repair mechanism in response to extensive tissue damage and not a
paclitaxel-specific phenomenon. For instance, TIE2" macrophages
also express the chemokine receptor CXCR4, and chemotherapy may
increase the expression of the CXCR4 ligand CXCL12 in the primary
tumor microenvironment (10). Therefore, it is very likely that the pro-
metastatic TIE2"/VEGF™ macrophages are recruited through a distinct
chemotactic axis in chemotherapy-treated individuals.

In addition, increased macrophage infiltration into tumors upon
paclitaxel treatment increases the contact between tumor cells and
macrophages, which is known to stimulate the expression of MENA™"
via NOTCH pathway activation, resulting in increased MENA™Y and
TMEM-dependent intravasation (27). These observations suggest that
paclitaxel treatment may have induced MENA™Y and MENA“?"
expression due to chemotherapy-driven macrophage infiltration, re-
sulting in increased TMEM assembly and function as described here
(Fig. 8K). This may be an active process and not simply the result of
selective survival of MENA-expressing tumor cells during paclitaxel
treatment (49). Otherwise, our data are in agreement with findings
from Oudin et al. (49), who showed increased MENA and MENA™YY
expression in paclitaxel-treated compared to control MDA-MB-231
xenografts.

The observed increase in disseminating tumor cells upon chemo-
therapy treatment as a direct consequence of macrophage contact—
induced MENA™Y overexpression is supported by two key findings
reported here. First, MENA™" and MENA“¥“ expression correlated
especially well with TIE2™ macrophages, consistent with earlier studies
in humans and in mice (18, 20, 29). Second, the absence of all MENA
isoforms completely abolished cancer cell dissemination and distant
metastasis in vivo, regardless of whether those mice received paclitaxel
or not and without affecting TIE2"/VEGF™ macrophage recruit-
ment, indicating that MENA expression is an essential prerequisite for
paclitaxel-induced breast cancer cell transendothelial migration in vivo.

Our study indicates that the TMEM score and MENA™Y increase
in breast cancer samples from patients treated with NAC including
doxorubicin, cyclophosphamide, and paclitaxel, suggesting that TMEM
score and MENA™V might be used in predicting development of
prometastatic changes in primary tumor microenvironment in response
to NAC. This is important because many breast cancer patients are treated
with NAC, which typically lasts about 6 months, and currently, there
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Fig. 8. TIE2 inhibitor rebastinib eliminates the prometastatic effects of paclitaxel. (A) Experimental design and chemotherapy scheme. (B) Mouse models of breast
carcinoma and cohort sizes. (C and D) TMEM scores in the PyMT transplantation model (C) and the HT17 xenograft model (D), treated with vehicle control, rebastinib,
paclitaxel, or a combination of rebastinib with paclitaxel. Mann-Whitney U test. (E and F) Perivascular TIE2"/VEGF™ macrophages quantified in 10 HPFs in the PyMT
transplantation model (E) or in the HT17 xenograft model (F), treated with vehicle control rebastinib, paclitaxel, or a combination of rebastinib with paclitaxel. Mann-
Whitney U test. (G and H) CTCs per milliliter of blood collected before sacrifice (day 15) of mice [PyMT transplantation (G); HT17 xenograft (H)]. Values normalized to the
control group in each case to account for intercohort variability. Mann-Whitney U test. (I) Incidence of bursting (at least one complete event during 4.5 hours of imaging
per mouse) in paclitaxel-treated MMTV-PyMT/Dendra2 cfms-CFP mice that either received or did not receive rebastinib. (J) Frequency of bursting in paclitaxel-treated
MMTV-PyMT/Dendra2 cfms-CFP mice that either received or did not receive rebastinib. Mann-Whitney U test. (K) Proposed model of chemotherapy-induced prometa-
static changes and cancer cell dissemination. Chemotherapy treatment increases the density of TIE2"/VEGF™ macrophages within the primary tumor. In addition to
inducing angiogenesis, these macrophages assemble active TMEM structures. Chemotherapy treatment also increases expression of the actin-regulatory protein
MENA™Y isoform in tumor cells due to their contact with infiltrating macrophages, which makes these cancer cells highly migratory and invasive. Upon arriving at
the blood vessels, some of the MENA'NV—expressing cancer cells assemble active TMEM sites, which other MENA'NV—expressing cells then use to intravasate. Together,
chemotherapy-mediated MENA™Y overexpression and TMEM assembly in breast cancer contribute to TMEM-dependent cancer cell dissemination and distant me-
tastasis. Targeting the function of TMEM-associated macrophage subpopulation by a TIE2 inhibitor counteracts TMEM-mediated cancer cell dissemination induced
by chemotherapy treatment.
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are no markers that predict response to NAC (43). Our data indicate
that in patients who have RCB post-NAC, such as those with ER"
disease, NAC could induce metastases via TMEM, despite inducing
partial tumor regression. In particular, only 16.5% of patients with
ER'/HER2™ disease achieve pathologic complete response (pCR)
with NAC, indicating that our findings may apply to the majority
of patients, that is, those who do not achieve pCR (50). Although
addition of paclitaxel to NAC increases the percentage of patients with
PCR, it does not improve the overall survival (6, 7), suggesting that
some patients do not draw long-term benefit from NAC. Because we
showed that after only two doses of chemotherapy, MENA™" in-
creases in some patients, we speculate that MENA isoform expression
status in FNA biopsy after the first 2 weeks of chemotherapy could pre-
dict which patients would receive full benefit from NAC and in which
continuation of NAC would be harmful. For example, an approach
could be developed to routinely assess the expression of MENA™Y
in FNA samples after the second chemotherapeutic dose. If the invasive
isoforms of MENA do not increase, then the chemotherapy could be
continued to its completion. Conversely, if there is an increase in the
invasive MENA isoform, then the chemotherapy could be discontinued
and these patients could be treated with surgery first, followed by chemo-
therapy. However, the effectiveness of such an approach would need to
be investigated in future studies.

Our cohort of 20 patients with ER" disease had only 5 years of
follow-up time, which is not sufficient to reliably analyze distant recur-
rence in this breast cancer subtype because ER" disease often recurs 10
or more years after the initial diagnosis (51). However, two retrospective-
prospective analyses of human breast cancer samples indicate that
increased TMEM score is associated with metastatic outcome in pa-
tients (3, 5). These studies imply that with the proper follow-up time,
the increase in TMEM score upon chemotherapy should translate
into distant recurrence in some of the patients. A follow-up study is
needed to determine whether patients with an increase in TMEM score
upon NAC develop distant recurrence more often than those without
an increase in TMEM score. In addition, as discussed above, it is nec-
essary to determine whether we can predict which patients are likely to
respond to NAC by assessing MENA™ so that the treatment can be
adjusted accordingly.

To accurately reflect clinically relevant scenarios, we primarily used
early-stage PyMT tumors in our study. As reported by American
Cancer Society in Breast Cancer Facts & Figures 2015-2016,the inci-
dence rate is the highest for tumors <2 cm (70 per 100,000), followed
by tumors 2 to 4.9 cm (35 per 100,000) (32). Tumors >5 cm had an
incidence rate of only 10 per 100,000. Likewise, the incidence rate for
localized (40 to 90 per 100,000) and regional (25 to 40 per 100,000)
disease far exceeds the incidence rate for distant (5 to 11 per 100,000)
disease (32). In addition, by selecting early-stage PyMT tumors, we
have avoided measuring potentially TMEM-independent mechanisms
of cancer cell dissemination that could result from an open circulation
effect, such as upon destruction of the vasculature in advanced-stage
necrotic lesions.

Our finding that paclitaxel induces an increase in CTCs is consistent
with recently reported data from patient studies focused on the effect
of chemotherapy on CTCs. Although CTC count measured by U.S.
Food and Drug Administration-approved CellSearch System is a
strong prognostic factor in both primary and metastatic breast
cancer, there is no conclusive evidence in the literature that chemo-
therapy significantly reduces CTCs (52). On the contrary, several re-
ports indicate that CTC counts in post-chemotherapy blood samples

Karagiannis et al., Sci. Transl. Med. 9, eaan0026 (2017) 5 July 2017

increase in some patients and decrease in others, do not correlate
with pCR, and correlate with distant metastasis—free survival (53, 54).
Moreover, when CTC search included cells with epithelial-mesenchymal
transition marker expression, 21% of patients showed increased CTC
counts after NAC, whereas 15% showed a decrease in CTCs counts after
NAC (54). Thus, our data indicating that NAC may be increasing CTCs
in some patients are consistent with current literature.

One limitation of this study is that it does not fully address the de-
velopment of clinically detectable metastases, which involves other pro-
cesses such as release from dormancy and tumor growth in addition
to cancer cell dissemination. Another limitation is that, due to a long
time between the diagnosis and the relapse in ER" disease, this study
could not provide evidence that increased TMEM and MENA™ in
post-NAC patient samples correlate with metastatic outcome.

Because metastatic disease is the major cause of cancer-related mor-
tality and is currently incurable, it is critical that we develop strate-
gies to prevent progression of cancer to the metastatic stage and to
prevent further spread from already existing metastatic foci. Therefore,
our finding that chemotherapy, when given in the setting of clinically
active disease, may promote cancer cell dissemination is of major
concern. However, our data indicate that strategies can be developed
to prevent chemotherapy-induced TMEM/MENA-mediated cancer
cell dissemination and subsequent metastasis. This can be done either
by discontinuing NAC in patients whose tumors show NAC-induced
prometastatic changes or by combining NAC with agents that block
TMEM/MENA-mediated cancer cell dissemination, such as selective
TIE2 inhibitors, which would be useful not only in NAC treatment of
localized breast cancer but also in treatment of metastatic breast cancer.

MATERIALS AND METHODS

Study design

The primary objective of this study was to examine the prometastatic
effects of NAC in mouse models of breast cancer, breast cancer PDXs,
and human patients. Mice were randomly allocated to two treatment
groups: vehicle-treated and chemotherapy-treated. Two chemotherapy
schemes were performed: paclitaxel or doxorubicin/cyclophosphamide.
After the termination of treatment, mice were either subjected to IVI
to assess the effect of chemotherapy on vascular permeability (bursting)
or sacrificed and assessed for TIE2"/VEGE" macrophages, TMEM
assembly, TMEM-dependent vascular permeability, CTCs, metastatic
dissemination in the lungs, and gene and protein expression of the
invasive MENA isoform MENA™". The secondary objective was to
examine whether the TIE2 inhibitor, rebastinib, is capable of suppres-
sing the chemotherapy-mediated prometastatic effects described in the
first part of the study in the same mouse models of breast cancer. All
mice received NAC with paclitaxel and were randomly allocated to two
groups: vehicle- or rebastinib-treated. After the termination of treat-
ment, mice were either subjected to IVI or sacrificed to assess TIE2"/
VEGF™ macrophages, TMEM assembly, and CTCs.

Statistical analysis

GraphPad Prism 6 software was used for graph/plot generation and
statistical hypothesis testing. Continuous variables (tumor volume,
TMEM score, CTCs per milliliter of blood, macrophage count, and gene
and protein expression values) are presented as dot plots with means
and SD. Comparisons between two independent samples were per-
formed using two-tailed Mann-Whitney U test, and matched-sample
comparisons were performed using the Wilcoxon test. Correlations
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were analyzed using Pearson’s correlation and coefficient of determina-
tion (R?), and the data are presented as scatterplots with fit lines and
corresponding P values. To investigate for differences in binary out-
comes (incidence of metastasis) between two groups, cross-tabulation
and y tests were performed. In all graphs, P values of <0.1 are reported;
however, only P values of <0.05 are described as statistically significant.

Sample size calculations were performed using the following param-
eters: significance level (adjusted for sidedness) of 0.025, probability of
type II error of 0.2 (statistical power of 0.8), and expected difference in
means equal to 1.2 SD units, based on the assumption that the SD of the
response variable was 1 unit. A total of 22 animals (11 animals per
group) was calculated to enter all two-treatment parallel studies.

The following animals were removed from the study: mice whose
tumors were necrotic or cystic; mice with inadequate tumor tissue to
perform TMEM counting, IHC/IF, or RNA extraction; mice with less
than 0.5 ml of blood collected through heart puncture for the CTC
assay; and mice that were either obese (>33 g) or emaciated (<17 g).
Accordingly, in each individual figure panel, the number of mice may
have been reduced up to 25% from the original cohort sizes depicted in
the corresponding figures (Figs. 1B, 2B, 5B, 6B, and 8B).

Transgenic MMTV-PyMT animals, as well as animals transplanted
with syngeneic or patient-derived tumors, were housed in cages of five
animals, as per the regulations of the Albert Einstein College of Medi-
cine Animal Care and Use Committee. Once they reached the criteria
for inclusion into the experimental pipeline (tumor diameter of ~2 to
3 mm), animals were randomly assigned to the chemotherapy-treated,
rebastinib-treated, or vehicle-treated groups.

All pathologists involved in TMEM scoring were blinded to the
group allocation (fig. S10), as were the scientists performing IVI,
CTC scoring, IF/IHC, and qRT-PCR analyses in mouse and human
samples. However, pre-NAC biopsies in human patients are microscop-
ically easy to differentiate from resected whole tumor tissues, and as
such, blinding was not possible for TMEM assessment in human breast
cancer patients receiving NAC.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/9/397/eaan0026/DC1

Materials and Methods

Fig. S1. Histological sections of control and paclitaxel-treated mice.

Fig. S2. Macrophage population dynamics in control and paclitaxel-treated mice.

Fig. S3. Microvascular density in control and paclitaxel-treated mice.

Fig. S4. IVI and extravascular dextran intensity analysis.

Fig. S5. Experimental design of in vivo metastasis dissemination assays.

Fig. S6. Frequency of bursting normalized to TMEM sites.

Fig. 57. MENA™Y expression at the gene and protein levels.

Fig. $8. The association of Mena isoform expression with TIE2"/VEGF™ macrophages.
Fig. 9. Macrophage population dynamics after paclitaxel treatment in MENA™~ mice.
Fig. $10. Correlation of TMEM scoring between pathologists.

Table S1. Forward and reverse primer sequences used to identify transmission of the disrupted
Mena allele in MENA™~ mice.

Video S1. Bursting close to a TMEM site of a paclitaxel-treated mouse.

Video S2. Bursting close to a TMEM site of a second paclitaxel-treated mouse.

Video S3. Absence of bursting in the vasculature of a paclitaxel-treated mouse.
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